Objective-Reactive oxygen species (ROS) contribute to atherogenesis. Uncoupling protein 2 (UCP2) reduces mitochondrial ROS generation and protects against the disease in animal models. A common Ϫ866G/A promoter polymorphism that has been associated with obesity and ␤-cell function may also affect UCP2 gene expression in cells of the arterial wall. Methods and Results-Genotype distributions of the Ϫ866G/A and of a 45nt-del/ins polymorphism in the 3Ј-untranslated region of the UCP2 gene were determined in 1334 participants of the Salzburg Atherosclerosis Prevention Program in Subjects at High Individual Risk (SAPHIR). We observed a modest association of the Ϫ866G/A promoter polymorphism and 2-loci haplotypes with asymptomatic carotid atherosclerosis in female study participants. Functional studies revealed increased expression of the Ϫ866G wild-type allele in human umbilical vein endothelial cells and differentiated THP-1 cells. Electrophoretic mobility shift assay studies and antibody-interference assays performed with nuclear extracts of various cell lines showed binding of cell-type specific protein complexes to the region encompassing the Ϫ866 site and suggested involvement of hypoxia inducible factor 1␣ in the regulation of UCP2 gene expression in endothelial cells and macrophages. Conclusions-Our results suggest a role of UCP2 in atherogenesis as originally proposed from studies in animal and cell culture models. (Arterioscler Thromb Vasc Biol. 2005;25:604-610.) 
V irtually all cell types of the vessel wall produce reactive oxygen species (ROS). At low levels, intracellular ROS act as signaling molecules that modulate a diverse array of biochemical functions. However, increased ROS production is associated with significant damage to endothelial and smooth muscle cells 1, 2 and has been implicated in the pathogenesis of vascular disorders, such as atherosclerosis. 3, 4 Among cellular sources of ROS generation, the electron transport chain may play an important role, because up to 10% of the reducing equivalents from NADH leak to form superoxide anions and H 2 O 2 . 5 When the electrochemical potential difference generated by the proton gradient along the inner mitochondrial membrane is high, electron transport becomes inhibited at complex III. As a result, the lifespan of ROS-generating intermediates is prolonged, and the flux of ROS from mitochondria is increased. 6 In cultured bovine aortic endothelial cells, increases in ROS are prevented by chemical uncouplers of oxidative phosphorylation or by ectopic expression of uncoupling protein 1 (UCP1). 7 Whereas UCP1 is solely expressed in brown adipose tissue, 8 the related UCP2 is expressed in many tissues and cells, including macrophages. 9 Indeed, disruption of the UCP2 gene enhances ROS generation in transgenic mice. 10 Moreover, bone marrow transplants from UCP2-deficient mice increased atherosclerotic lesion size and markers of oxidative stress in low-density lipoprotein receptor-deficient mice. 11 We previously described a common functional G/A polymorphism in the UCP2 gene at nucleotide position Ϫ866 relative to the transcription start site. The variant A allele was associated with enhanced adipose tissue mRNA expression, increased transcription of a reporter gene in the human adipocyte cell line PAZ6, and decreased risk of obesity in middle-aged humans. 12 In a ␤-cell environment, the variant allele was more effectively activated by the transcription factor PAX6 and was associated with a reduced disposition index (the product of the acute insulin response to glucose and insulin sensitivity) in obese subjects. 13 The latter results are supported by studies in animal models showing an inverse association of UCP2 gene expression and ␤-cell function. 14 Among other polymorphic sites in the UCP2 gene that showed associations with various metabolic parameters in diverse populations, 15, 16 a 45nt deletion/insertion polymor-phism located in the 3Ј-untranslated region appeared to be functional, because mRNA transcribed from the insertion allele displayed a shorter half-life in a fetal myoblast cell line than mRNA transcribed from the deletion allele. 12 To test the hypothesis that the UCP2 gene locus contributes to the pathogenesis of human atherosclerosis, we studied associations of both functional nucleotide polymorphisms (SNPs) with asymptomatic carotid artery atherosclerosis in a cross-sectional Austrian sample and characterized effects of the Ϫ866G/A polymorphism on transcription and trans-factor binding in a human macrophage cell line and endothelial cells.
Materials and Methods

Study Population
We studied 40-to 65-year-old male and 45-to 70-year-old female participants of the Salzburg Atherosclerosis Prevention Program in Subjects at High Individual Risk (SAPHIR). The study objectives, its recruitment procedures, and population characteristics have been detailed. 12 All study subjects provided informed consent, and the study was approved by the local ethics committee. Diabetes was diagnosed by fasting plasma glucose concentrations of Ն7.0 mmol/L or use of hypoglycemic medications. Between 7AM and 10PM, ambulatory blood pressure was measured as described. 17 Means of systolic and diastolic blood pressure measurements (SBP-day and DBP-day) were used for analyses. Hypertension was defined by SBP-day Ͼ140 mm Hg or DBP-day Ͼ90 mm Hg or antihypertensive drug therapy.
Intima-media thickness (IMT) and plaque extent of the near and far walls of the common and internal carotid arteries and the bifurcations on both sides were measured by high resolution B-mode ultrasound using the HDI 3000 CV System (ATL) according to the Asymptomatic Carotid Artery Plaque Study (ACAPS) protocol. 18 All measurements were conducted and read by a single experienced ultrasound operator who was blinded to all clinical and laboratory measurements. Because of technical difficulties in some subjects, complete IMT measurements were available in 810 men and 463 women. B-scores were obtained by grading on a 5-point scale ranging from 0 (normal) to 5 (complete luminal obstruction). Adding the B-score of all segments resulted in a sum B-score. For risk calculation, a sum B-score Ͼ1 or a score of 1 together with a maximum IMT above the 90th sex-specific percentile was considered as evidence for atherosclerotic disease. To reduce possible confounding resulting from therapeutic interventions, 32 male and 61 female subjects with symptomatic atherosclerotic diseases (myocardial infarction, angina pectoris, stroke, transitory ischemic attack, or peripheral arterial disease) were excluded. Tissue samples were obtained from the musculus rectus abdominis as described. 19 
Laboratory Determinations
Laboratory parameters in fasting plasma and the Ϫ866G/A and 45nt-del/ins polymorphisms were determined as described. 12 Highsensitivity C-reactive protein (CRP) was measured using a Hitachi 917 analyzer and the respective kit (Roche Diagnostics).
Cell Culture, Transfections, and mRNA Quantification
INS1-E and PAZ6 cells were cultured as described. 13, 20 THP-1 cells were grown in RPMI medium 1640 supplemented with 0.05 mmol/L ␤-mercaptoethanol/10% FBS and differentiated by the addition of 12-O-tetradecanoylphorbol-13 acetate for 48 hours. Human umbilical vein endothelial cells (HUVECs) were cultured in endothelial cell growth medium (Technoclone, Vienna, Austria) supplemented with 0.1 ng/mL epidermal growth factor and 1.0 ng/mL basic fibroblast growth factor. Cells were transfected with 0.5 g of UCP2 Ϫ866G and Ϫ866A reporter plasmids, 12 respectively, using LipofectAMINE (Invitrogen, Carlsbad, Calif). pRL-TK (20 ng per well; Promega, Madison, Wis) was cotransfected as internal control. Cells were harvested 24 hours later and luciferase activities were determined. 20 For details on RNA isolation and quantitative real-time polymerase chain reaction analyses, see http://atvb.ahajournals.org.
Electrophoretic Mobility Shift Assays
Nuclear extracts and electrophoretic mobility shift assays were performed as described. 13 Double-stranded competitor probes designed for aryl hydrocarbon receptor/aryl hydrocarbon receptor nuclear translocator (AhR/ARNT) and hypoxia inducible factor (HIF)-1␣/ARNT binding matrix consensus sequences were 5Ј-AGCTTGCTGGGGGCATTGCGTGACA-3Ј 21 and 5Ј-AGCTTGC-CGTAGGTACTGTCTCAG -3Ј, 22 respectively. For antibodyinterference assays, nuclear extracts were preincubated with 1 g of monoclonal anti-AhR (Alexis Biochemicals, Montreal, Canada) or anti-HIF-1␣ (BD Transduction Laboratories, San Jose, Calif) antibodies as indicated. Intensities of bands were quantified by scanning autoradiographs as described. 12
Statistics
Differences of continuous variables between study subjects with and without carotid atherosclerosis as well as effects of genotypes on clinical parameters were ascertained by 2-way ANOVA. Logarithmic transformations were made if the equal variance and normality assumptions of ANOVA were rejected. Measurements were adjusted for effects of age, sex, and body mass index (BMI) as indicated. For testing the significance of multiple comparisons, the Bonferroni correction was used. Allele frequencies were estimated by gene counting. Agreement with Hardy-Weinberg expectations was tested using a 2 goodness-of-fit test. The standardized pair-wise linkage disequilibrium statistics (DЈ) and haplotype frequencies were estimated according to Terwilliger and Ott. 23 Differences in genotype frequencies between subjects with and without carotid atherosclerosis were determined using a 2 distribution with 2 degrees of freedom. For details on the estimation of odds ratios (ORs) for each genotype and testing of associations of haplotypes with quantitative and binary traits, refer to http://atvb.ahajournals.org.
Results
Average values for age and BMI as well as the prevalence of hypertension were higher in subjects with asymptomatic carotid artery atherosclerosis. Among laboratory parameters, average values for cholesterol were higher in subjects with asymptomatic disease, whereas average values for highdensity lipoprotein (HDL) cholesterol were lower (Table 1) . Sex-specific differences were observed for BMI and the proportion of smokers. Women displayed lower average values for glucose, triglycerides, and apolipoprotein B but higher average values for HDL cholesterol, apolipoprotein A-I, and CRP.
The common UCP2 Ϫ866G/A promoter and a 45nt-del/ins polymorphism were typed in 1334 SAPHIR participants. Both polymorphisms fulfilled Hardy-Weinberg expectations and were in positive standardized linkage disequilibrium (D/DmaxϾ0.733). Asymptomatic carotid atherosclerosis was ascertained by measures of maximum IMT and a B-score describing morphological alterations of the carotid arteries. Subjects with and without asymptomatic carotid atherosclerosis showed a borderline significant difference in the distribution of Ϫ866G/A genotypes, but a significant difference of 2-loci haplotypes, whereas 45nt-del/ins genotype frequencies did not differ (Table I , available online at http://atvb.ahajournals.org). Strong statistical evidence for an interaction of sex with the Ϫ866G/G genotype (PϽ0.0001) was observed in multivariate logistic analyses. Sex-specific comparison re-vealed different distributions of genotypes associated with the Ϫ866 SNP in women but not in men ( Table 2) . Global haplotype score statistics revealed a disease association in women. The lowest and highest haplotype-specific scores were observed for the Ϫ866G/45nt-del and Ϫ866A/45nt-ins haplotypes, respectively. No associations were observed in men ( Table 3 ). To verify these results and to calculate ORs, we used noninteger haplotype predictions in multivariate logistic models that considered established risk factors. Again, the Ϫ866G/45nt-del haplotype was associated with a reduced OR in women but not in men (Table 4 ). Consideration of all possible haplotype interactions in the full model showed no significant interactions in either male or female subjects (not shown). As the Ϫ866A/45nt-ins haplotype was dropped in the logistic model because of collinearity, we orthogonalized haplotypes and again observed a reduced OR only for the Ϫ866G/45nt-del haplotype. In women, ORs (95% CI) for the Ϫ866G/45nt-del haplotype relative to the Ϫ866G/45nt-ins, Ϫ866A/45nt-del, and Ϫ866A/45nt-ins haplotypes were 0.69 (0.53 to 0.92, Pϭ0.011), 0.739 (0.56 to 0.97, Pϭ0.032), and 0.64 (0.49 to 0.85, Pϭ0.002), respectively.
IMTs of the carotid arteries have been shown to be surrogate markers for subclinical atherosclerosis. 24 In our study population, common and internal carotid arteries IMTs were strongly associated with case-control status defined by B-score and maximum IMT (Table II , available online at http://atvb.ahajournals.org). Unexpectedly, no associations of the 2 polymporphisms with average IMTs of the common or internal carotid arteries or maximum IMT were observed in our male and female study participants (Table III , available online at http://atvb.ahajournals.org), and only trends were observed for haplotypes in multivariate regression models (Table IV, we considered the possibility that the UCP2 haplotypes were mainly associated with plaques rather than IMT. We adjusted for average IMTs of the common or internal carotid arteries in the model and observed an OR of 0.506 (0.335 to 0.766, PϽ0.001) for the Ϫ866G/45nt-del haplotype in women. Moreover, haplotype scores were similar as in the model not adjusted for IMT (Table 3 , Models I and II). In addition, we reclassified the case-control status in that at least 1 score 2-lesion (1.5 to 2 mm) had to be detected in cases. Using this definition, the lowest haplotype score of and a reduced OR for the Ϫ866G/45nt-del haplotype was observed in females (Tables V and VI , available online at http://atvb.ahajournals.org). Quantitative real-time RT-PCR analyses showed that UCP2 mRNA expression levels were Ϸ6-fold higher in differentiated THP-1 cells and Ϸ4-fold lower in HUVECs than in human skeletal muscle tissue. Transient transfection studies with Ϫ866G/A reporter constructs revealed that transcriptional activities of variant and wild-type promoters differed in both THP-1 cells and HUVECs in that transactivation of the wild-type promoter was more effective com-pared with the variant promoter ( Figure 1 ). This observation is in contrast to previous results in PAZ6 cells. 12 Electrophoretic mobility shift assays with nuclear extracts from THP-1 cells and HUVECs revealed similar DNAprotein complexes, whereas the pattern of complexes with nuclear extracts from INS1-E and PAZ6 cells clearly differed, indicating differences in transcription factor binding ( Figure  2 ). Unlabeled bandshift probe was a highly effective competitor in all cell lines, arguing for the specificity of these complexes. Our previous studies identified PAX6 as the transcription factor that accounted for the different activities of the 2 promoter alleles in INS1-E cells, but computational analyses suggested putative binding sites for additional transcription factors, including the HIF-1␣/ARNT-and AhR/ ARNT-heterodimers. 12 Therefore, consensus probes for HIF-1␣/ARNT and AhR/ARNT were used in competition experiments in a 5-to 100-fold molar excess (Figure 2 ). The HIF-1␣/ARNT consensus oligonucleotide competed as effectively as the unlabeled bandshift probe, whereas competition with the AhR/ARNT probe was two times less effective. In antibody-interference assays, formation of DNA-protein complexes in HUVECs was inhibited by antibodies against HIF-1␣, but antibodies against Ahr showed little or no effect. Similar findings were obtained in THP-1 cells (data not shown). These results strongly suggest that HIF-1␣/ARNT binds to the multifunctional site around Ϫ866 in HUVECs and THP-1 macrophages.
Discussion
UCP2 belongs to the mitochondrial anion carrier family and has been shown to modulate the production of ROS by decreasing the mitochondrial membrane potential. 26 UCP2 overexpression in macrophages limits steady-state levels of intracellular ROS, 27 whereas UCP2 antisense oligonucleotides increased intracellular ROS generation in murine endothelial cells. 28 Earlier studies in macrophages of UCP2 knock-out mice (UCP2 Ϫ/Ϫ ) also demonstrated an excess production of ROS in response to Toxoplasma gondii infection. 10 In ob/ob mice, UCP2 expression in macrophages was lower, and mitochondrial ROS production was higher than in control mice. 29 UCP2 overexpression in THP-1 macrophages inhibited chemoattractant protein-1-induced transendothelial migration, thereby reducing atherosclerotic plaque formation. 27 Taken together, these and other findings 11 suggest a protective role for UCP2 in atherosclerosis by reducing ROS generation.
We previously reported associations of the Ϫ866G/A polymorphism with obesity 12 and ␤-cell dysfunction. 13 Several studies have since reported associations of the Ϫ866G/A SNP with various metabolic prameters. 30 -32 While this work was in progress, Dhamrait et al reported a doubling in the risk of coronary heart disease for Ϫ866A/A homozygotes in a prospective study of 2695 healthy men. 33 Our study shows that the Ϫ866G/A site alone or in a haplotype context with the 45nt-del/ins polymorphism is associated with asymptomatic carotid artery atherosclerosis in female subjects of the SAPHIR population. These associations remained significant after consideration of possible UCP2 genotype or haplotype effects on obesity and type 2 diabetes. Our functional analyses show that the Ϫ866G allele displays stronger transcriptional activity in both THP-1 cells and HUVECs. Such increased UCP2 mRNA expression would be expected to reduce ROS generation in endothelial cells and macrophages, thereby protecting against oxidative damage and atherosclerosis. Based on our previous studies, the 45nt-del/ins polymorphism would have a weaker effect than the Ϫ866 SNP, but the 45nt-del allele would be predicted to enhance UCP2 expression in comparison to the 45nt-ins allele. The lower frequency of the Ϫ866G/45nt-del haplotype in women with asymptomatic atherosclerosis compared with controls and the lack of an association of the 45nt-del/ins site with disease is consistent with this concept. We have no clear explanation why the associations were only observed in women. In our population, the effects of established risk factors such as hypertension, plasma cholesterol, and CRP appeared to be much stronger in men than in women. It is therefore possible that effects of UCP2 haplotypes on atherogenesis in men, as reported by Dhamrait, were concealed in our male population.
The lack of associations between UCP2 haplotypes and IMTs was unexpected, because modest to moderate associations of IMTs with various disease end points have been documented. 24, 25, 34 However, it is possible that the phenotypes of carotid atherosclerosis established by ultrasound determinations and probably representing different stages of disease have common and distinct determinants. It has been shown that total carotid plaque area and carotid stenosis displayed different associations with specific risk factors. 25, 35 Moreover, IMT was a stronger predictor of stroke than of myocardial infarction, 24 whereas total plaque area was a stronger predictor of myocardial infarction than of stroke. 25, 36 Our initial definition of cases rested primarily on the presence of subclinical plaques. The sex-specific association of UCP2 haplotypes with disease was maintained after adjustment for IMT and after case-control reclassification that was solely based on the presence of slightly more advanced plaques. Hence, our results suggest but do not prove that enhanced UCP2 gene expression may reduce plaque development. Such a localized effect of UCP2 could be expected because of its intracellular localization. Nevertheless, the cross-sectional study design warrants cautious interpretation of results. Clearly, additional studies are necessary to substantiate these findings.
AhR and HIF-1␣ are both ligand-activated members of the basic helix-loop-helix/Per-ARNT-Sim transcription factor family. 37 AhR mediates the biological and toxic effects of environmental pollutants, such as dioxin, whereas HIF-1␣ is a central regulator of cellular responses to hypoxia. 37, 38 Our studies with HIF-1␣/ARNT and AhR/ARNT consensus binding sequences and antibodies directed against the respective heterodimer partners strongly suggest a role of HIF-1␣ in the regulation of UCP2 gene expression in human endothelial cells and macrophages.
An imbalance between demand and supply of oxygen in the arterial wall is critical to the development of atherosclerotic lesions. 39 Under normoxic conditions, HIF-1␣ is rapidly degraded by the proteasome. 40 Because hypoxia stabilizes HIF-1␣, its target genes, including vascular endothelial growth factor, matrix metalloproteinases, and plasminogen activator inhibitor-1 are induced in response to oxygen deprivation. 41 Hypoxia also enhances the intracellular ROS production, and HIF-1␣ activation is correlated with changes in ROS. 42 In transgenic mice, vascular ROS production was induced by smooth muscle cell-specific overexpression of p22phox, a critical component of NAD(P)H oxidase. 43 Tg p22vsmc mice displayed elevated levels of hydrogen peroxide in smooth muscle cells, and expression of vascular endothelial growth factor and matrix metalloproteinase-9 was induced by increased levels of HIF-1␣ and accompanied by enhanced arterial lesions. 43 Transactivation of the UCP2 gene by HIF-1␣, as suggested by our studies, may therefore represent a feedback loop that reduces cellular ROS levels originating from mitochondria.
